Abstract-the investments in indoor mobile networks are highly related to the spectrum availability and its associated authorization options. The aim of this paper is to discuss the differences in the spectrum demand taking into consideration both wide and local area network deployment requirements and the kind of actor that provides the indoor wireless access. The analysis covers different authorizations options namely licensed, unlicensed, licensed shared access (LSA) and secondary access. A quantitative approach is used to analyze the differences between macrocell and femtocell deployments focusing on deployment cost and spectrum demand. This is complemented by a qualitative study to explore and discuss the strategic business decisions of different actors in view of the available spectrum bands and spectrum authorization options.
I. INTRODUCTION
The demand for mobile broadband access has increased dramatically in present days in terms of the number of connections and traffic volume. Starting from year 2010 around 80% of the generated data traffic comes from indoor environments [1] . This trend urged mobile operators to find optimum ways to provide adequate network capacities to meet the increasing data traffic mainly in areas where it is badly needed such as crowded business districts. During the last few years, Wi-Fi networks have been utilized by mobile operators to offload their data traffic; an arrangement that normally requires agreements with the facilities owners. Some studies on Wi-Fi networks had been devoted for the discussion of the possible negative impact on WiFi networks capacities resulting from network densification and arising from the lack of proper interference coordination mechanisms [2] . Currently, the use of indoor small cells (i.e. femtocells) receives more and more attention as a cost efficient solution for the provision of the coverage and capacity requirements in indoor locations. Nonetheless, number of technical, economical and regulation challenges face the indoor mobile network deployment concerning the cost of spectrum and its availability. In this regard, mobile network operators are usually reluctant and disinclined to allocate parts of their licensed spectrum to be dedicated for femtocell deployments. In other hand, if the same macrocells frequency band is used for femtocell deployment co-existence and interference problems may arise. This situation has prompted the need to look into alternative spectrum bands and access solution for femtocell deployment such as unlicensed and licensed shared spectrum access or dedicated licensed bands under locally issued licenses.
One of the considerations that affect femtocell deployments is the practice of national regulatory authorities (NRAs) to treat the femtocells like any other base stations. However new practices are being contemplated by NRAs, an example is the discussion in progress in Ofcom, the UK communications regulator, on the possibility of allocating a portion of the 2.6-GHz band for exclusive femtocell deployments [1] . Another possibility which constitute a favorable opportunity for femtocell deployments may be in the use of the part of the 1800 MHz band that has been traditionally allocated to the DECT system and has become an unlicensed band in Europe and USA [3] . Furthermore the 5 MHz of the 1.8 GHz (IMT band) that will become unlicensed in Sweden by early 2014, as depicted in Fig.1 , may furnish a favorable opportunity for femtocell deployments as well. It remains to mention that for indoor deployment with femtocell high bandwidth is not the key issue; it is more essential to have access to "some" spectrum and to be able to control it within a building or certain area. Furthermore, as the indoor mobile service can be provided by one or several mobile operators or even by an independent local operator offering capacity, the appropriate business model also need to be discussed [4] .
The aim of this paper is to identify and analyze the spectrum requirements and the spectrum access options of paramount importance for indoor mobile broadband deployment. Coupled with this, the economic value of different spectrum bands for each type of actors is investigated. The research questions addressed are; what are the main differences between spectrums needs for outdoor and spectrum needs for indoor deployment? And what is the value of the spectrum for mobile operators and its value for local network operators?
The paper is organized as follows; related work along with different spectrum authorization options are described in sections II and III respectively. In section IV a description for the adopted research approach is provided. The results from the conducted quantitative and qualitative studies are presented in sections V and VI. Section VII highlights the main conclusions. 
II. RELATED WORK A. Spectrum Access Options
The unprecedented increase in the demand for wireless communication services has directed the research activity towards evaluating the need for and the benefits of extra spectrum [5] . The main challenge turned to be the ability to manage and utilize the spectrum resources in most efficient way to meet the increasing demand. To augment this ability, various alternatives and options can be exploited such as secondary spectrum access, licensed/authorized shared access (LSA/ASA) which are getting momentum in this connection as discussed in [6] [7] [8] . On other hand sharing and reusing the spectrum resources between macrocells and smallcell has also been investigated in a number of scholarly works. In this regard, the authors in [9] propose a hybrid spectrum usage to improve spectrum utilization for overlaying LTE macrocell and femtocell, where femtocell can select either a portioned or a shared spectrum usages mode. Different alternative solutions to share frequency between macro/femtocells, together with the possible deployment strategies to combine femtocells and cognitive elements (cognitive sharing for licensed spectrum) are presented as well in [10] [11] [12] . While in [13] an economic framework is derived to compare the economic viability of two spectrum schemes; split spectrum and common spectrum for the femtocells deployment in a 4G network. Moreover in [14] the authors built a simple decision model to examine the choices that a potential secondary spectrum entrant may take considering cost and revenue components.
B. Spectrum Valuation
The valuation of spectrum is an area of great interest to industry, operators, consultants, academia, regulators and governments. In [15] , Plum presents a review of the value of spectrum licenses, model values based on expected revenues and costs for a hypothetical operator. While in [16] , the Australian government applies an opportunity cost modeling, which it defines as the highest value alternative forgone, but underscores that the opportunity cost pricing differs according to circumstances. Doyle [17] states that it is necessary to take account of the opportunity cost values associated with alternative uses and across different frequency bands used by different users. An engineering value of spectrum is estimated by calculating the cost savings facilitated by additional spectrum bands compared to expanding an existing network that provides the same capacity as the network with additional spectrum [18] . Yeo [19] estimates spectrum values based on calculations from auction data and with an analysis of observed bidding behavior through an econometric model. ITU [20] presents an approach to valuation of spectrum in order to facilitate for spectrum regulators the determination of reasonable expectations on market-based revenues for the spectrum in beauty contest or administrative allocation processes.
The contribution of this paper at this juncture is the effort taken to identify and analyze the key aspects of spectrum value for indoor deployment and to highlight the differences compared to outdoor deployment.
III. TAXONOMY OF SPECTRUM AUTHORIZATION
Nowadays, there are two main practices for allocating and authorizing the use the radio spectrum bands; namely the Individual Authorization and General Authorization, as shown in Fig.2 . In the following subsections, these practices and the authorization options stemming from them are presented [21] .
A. Individual Authorization
In the individual authorization practice, the right to use a specific spectrum band is exclusively granted by the National Regulatory Authority (NRA), to specific actor for certain period of time and within specific geographical region. Two schemes of spectrum access authorization exist within the individual authorization based on the concepts of primary usage and secondary usage as shown in Fig.2 . In the authorized primary license, the licensee will have an exclusive access right to use the assigned spectrum and enjoy protection from harmful interference caused by secondary users. However, other primary license holders with equal access rights could exist in the same spectrum band, this scheme known as coprimary sharing (or shared primary access), e.g. mobile service (IMT) and Fixed Satellite Services (FSS) co-existence in 3.5 GHz band. In the authorized secondary scheme the aim is to allow other users to use the spectrum (or part of the spectrum) that has already been allocated to one or more primary users by applying appropriate sharing rules that protect the services of the primary users and provide a certain level of QoS for the services of other licensees. Fig.2 , gives a good illustration by the emerging and the evolving concept known as Licensed/Authorized Shared Access (LSA/ASA) which is is a framework or arrangement to share spectrum between a limited numbers of users. Under the LSA framework a primary license holder (incumbent) will be allowed to grant spectrum access rights to one or more other users who can use the band in accordance with a set of pre-defined conditions and regulations [21] [22] [6] [7] .
B. General Authorization (Unlicensed or License exempt)
In the general authorization, the access right to use the spectrum is granted without any license fee to all actors if certain technical and regulation conditions are met. These unlicensed bands are shared between different systems without any guarantee of any sort of interference protection that may jeopardize the QoS. As illustrated in Fig.2 , two types of General Authorization could be seen; namely unlicensed shared access (also known as Horizontal Shared Access) and the secondary horizontal shared access. In the Horizontal shared Access, users share the band horizontally without protection rights against each other (the most common example is the ISM band at 2.4 GHz). While in the Secondary Horizontal Shared Access, there is a condition to protect the service of users with higher priority (primary users). The secondary access in the VHF/UHF TV band, often referred to as TV white space (TVWS), could stand as good example of the Secondary Horizontal Shared Access [8] [6]. 
IV. METHODOLOGY
A dual quantitative and qualitative research study is undertaken for the work of this paper. The quantitative part of the dual study is devoted to the discussion of the differences between macrocell and femtocell deployments focusing on deployment cost and spectrum demands. While the qualitative part is intended to enrich the discussion with the perspectives of different actors (i.e. Local Network Operators (LNOs) and Mobile Network Operators (MNOs)) on the available spectrum access options and their associated investment decision. Towards this end, representatives from industry and regulatory authorities had been interviewed during the period 2010-2013 to be acquainted with the prevailing trends in the area of indoor deployment.
A. Users Demand
To perform the quantitative part of the dual study, the deployment of a mobile network infrastructure to meet the expected subscribers demand within a densely-populated business district in an area of one square kilometers has been considered. Ten thousands mobile subscribers are assumed to be uniformly distributed in ten (10) five floors buildings within the aforementioned business district. The expected demand and capacity requirement in this business district can be estimated based on the statistics periodically released by the Swedish regulatory body (PTS) on the monthly subscriber demand in the country which ranges between 2 to 5 GB per month and the published forecast reports issued by partners from industry such as Cisco and Ericsson that estimate a 10 to 30-fold increase in the global mobile data traffic in the forthcoming five years. Guided by the above statistical and forecasted figures, two levels of the mobile subscriber`s demand per month are assumed in this paper to count for current and near future demand. The two assumed demand levels are 5 GB for low demand and 20 GB for high demand. The deployment cost incurred to satisfy the subscribers demand within the concerned area using either macrocells or femtocell deployment solution depends on the number of base stations that is needed. In order to estimate the number of base stations in each deployment solution (i.e. macrocells and femtocells), the coverage and capacity characteristics of the used radio base stations (RBSs) need to be specified. The achieved capacity per RBS varies according to the used radio access technology (RAT) and bandwidth. We consider a radio access technology with spectral efficiency of 1,67 bps/Hz; this number can represents the average spectral efficiency in a typical LTE macrocell. However in the femtocell case, an average spectral efficiency of 2 bps per Hz is assumed due to the expectation of better SNR value. Beside the RBS capacity, the cell-size of the used radio base station affects the required number RBS as well. By using the same methodology as in [23] , cell radius of 3 Km and 20m could be estimate for macrocell and femtocell respectively.
B. Cost Sturcture
The components of total investment cost to be borne by operators to deploy a mobile network to satisfy the anticipated users demands as previously described, includes the radio site build-out cost (i.e. civil work, radio equipment and backhaul solution, auxiliary systems etc.) in addition to the spectrum license fee. In Sweden, The cost of deploying one macrocell ranges between k€ 50 and k€ 200, for the purpose of this paper, the cost of deploying a new macrocell site is taken to be around k€ 100. While the deployment cost per base station in in the femtocell deployment case is estimated to be in order of k€ 1. The use of low frequency bands for outdoor deployment (wide area coverage) are of significant benefits due to their good propagation properties such as long range and the low wall penetration losses. Wide bandwidth is beneficial not only in provision of high data rates and capacity but also from a cost perspective. In essence, more system bandwidth means less number of base stations is required to satisfy a given demand.
Recalling the described scenario and assumptions in section III, the infrastructure cost could be given by Eq. (1) [24] , where A service is the size of the service area, W sys is the available (spectrum) bandwidth, η is the effective reuse factor, R user is the average guaranteed data rate per user, N BS represents the number of base stations, and C BS is cost per base station. The number of sites required to satisfy the users demand with different amounts of bandwidth can be estimated. As can be seen from Fig. 3 , the value of spectrum is significant in the case of macrocell deployment where the same capacity can be obtained with more bandwidth and less number of sites or a higher capacity can be obtained with more number of sites. In Sweden the mobile operators have spectrum allocations in the 800, 900, 1800, 2100 and 2600 MHz bands. In the three upper bands the operators have up to 60MHz. However, with network sharing and spectrum pooling cooperating operators can have well above 100MHz. These benefits are evident when compared to the benefit of operators with less amount of bandwidth as can be extracted from Fig 3. Moreover, in macrocell deployments, licensed shared access (LSA) is beneficial as it gives the operators extra exclusive usage rights and can be added to their licensed spectrum which move their deployment cost to the right in Fig 3. Other types of spectrum access are of less interest for outdoor deployment since other users may have access to them as well. In general, the value of additional spectrum in the outdoor deployment can be figure out by knowing the additional costs incurred if the additional spectrum needed was not acquired. Analysis using this so called engineering value is presented by many researchers [15] [16] [18] . In many cases the engineering value show great variations due the assumptions made and the relation of engineering value to auction prices may greatly vary.
The situation for indoor deployment is quite different from the outdoor deployment, when it comes to the frequency bands of interest, value of more spectrum and the potential business opportunities (see section VI). Indoor wireless access implies short range communications and a positive impact of wall penetration losses that lead to reduction of interference from neighboring cell; that is why higher frequency bands are of interest for indoor deployment. Moreover, in indoor deployment scenarios, the use higher of more bandwidth spectrum bandwidth do not necessarily lead to less number of radio base stations, this is due to the coverage bottleneck where specific number of femtocells will be required to cover each floor any way. In other words, the use of more spectrums results only in overprovisioning without any cost saving. To explain the previous findings, a sensitivity analysis has been conducted as illustrated in Table I . Two demand levels for the mobile subscriber per month are assumed; namely 10GB (5 fold of today demand) and 50GB (25 fold of today demand). Assuming 8 hours busy hours per day, roughly an average data rates of 0,1 and 0,5 Mbps could be estimated per user respectively. Based on the 3GPP and ITU target of 15-30 bps/Hz for the peak spectral efficiency values; average spectral efficiency values of 1 and 10bps/Hz are assumed. We also consider femtocell using 5 to 20MHz. The values in table I indicate that at high demand level, 5MHz femtocell is capable of serving 10 to 100 users when radio access technologies with low and high spectral efficiency are used respectively. The main implication of the obtained results in Table is ; the use higher of spectral efficiency and more bandwidth do not necessarily lead to less number of RBSs in femtocell deployment. Furthermore, the use of more spectrum bandwidth per femtocell is cost-effective only when large number of users is existed per floor or when ultimately high demand (capacity) is required per user; this can be seen in Fig.3 when a monthly demand of 100GB per user is assumed.
VI. ACTORS AND THE SPECTRUM ACCCESS OPTIONS
Many actors, e.g. mobile network operators (MNOs), local network operators (LNOs) and facility owners can build and operate indoor wireless networks. Different levels of cooperation and business settings relating to the ownership and operation of indoor networks need to be worked out. Moreover, issues like business model, deployment complexity, and interoperability with outdoor cellular systems, QoS, deployment cost and governing regulatory environment need to be closely addressed by the actor when deciding on the available spectrum options.
A. Indoor Network Deployed and Operated by a MNO
MNOs opt for macrocell deployment strategies as the corner stone for providing good QoS and sustaining competitive advantage in the market supported by the availability of a stable and guaranteed access to spectrum resources. As known access to low frequency bands and wide spectrum bandwidth play a key role in reducing the deployment cost. However, the addition of more spectrums can lead to overall reduction cost as long as the spectrum price remains small compared to the network infrastructure cost: a condition that is challenging to indoor deployment. This explains why MNOs are reluctant to use dedicated licensed bands for indoor deployment, even at the expense of QoS.
Moreover, deploying an indoor mobile network brings extra activities and overhead to MNOs. Normally, the establishment of relations with a number of facility owners is not within the scope of the MNO core business. Solutions such as outsourcing and offloading MNO's data traffic from its wide area networks to wireless local area networks become attractive and lucrative approaches for MNOs. However, the mobile subscribers cannot seamlessly move between Wi-Fi networks and outdoor cellular sites. Nonetheless, recent advances in WiFi standards and new trends in manufacturing and deploying an Integrated Femto-WiFi (IFW) access point may put an end to such shortcomings. Even though, the IFW access points still need to use the licensed bands of MNOs. As shown in Table. 2, the use of secondary access, unlicensed bands or LSA which are considered as additions to the existing licensed bands of MNO`s that can provides them with flexibility to expand their indoor networks. The advantage of using dedicated frequency bands, via authorization option such as LSA, for indoor deployment will enable MNOs to avoid possible interference between indoor and outdoor cellular networks.
B. Indoor Network Deployed and Operated by a LNO
The LNOs business models concentrates on the provision of mobile broadband services within local indoor locations characterized by high subscribers demand such as office buildings and shopping malls. The drivers behind the necessity to deploy dedicated indoor systems can be the need to avoid or eliminate the inherent problems with wall penetration losses when relying on the use of outdoor base stations and/or the desire of users in the concerned locations to enjoy dedicated and guaranteed capacity. To achieve these objectives, the LNO, as possible business model, can act on behalf of the MNOs and negotiate with other actors (such as facility owners) all matters relating to the deployment, management and operation of the indoor mobile network, the LNO could utilize the available spectrum resources of the MNOs to rollout his indoor mobile network. To achieve better QoS in indoor network, a dedicated spectrum from MNO`s license bands can be allocate to the LNO depending on the availability of spectrum.
The second business model for LNOs is to deploy their independent indoor mobile networks. In this case, the LNO will act as third party in the market and could enter into different levels of cooperation and partnership with different actors in the market such as MNOs. Here the spectrum needed by LNO to secure its business investment and to expand its network coverage and capacity. For LNO, spectrum resources could be secured via different spectrum access options as shown in Table. 2. One option is to use more licensed spectrum which is costly and hard to secure. A second option is to use more unlicensed spectrum bands made available by recent allocation in IMT/IMT-advanced: i.e. 5 MHz allocated in 1800 MHz as shown in Fig.1 . This option is cost-effective and enables seamless operation and interoperability with the existing cellular systems when compared with the use of WiFi. A third option is to exploit spectrum bands allocated for other non-communication systems using the Horizontal Shared Secondary Access authorization scheme (e.g. Broadcasting (TVWS) and aeronautical bands as shown in Fig.1 ). The key obstacles for cognitive radio and Horizontal Shared Secondary Access authorization scheme are the availability and cost of network and end-user equipment. In this connection, the use LSA scheme could provide long term and stable conditions that may induce manufacture support to invest in user and network equipment. VII. CONCLUSION In this paper, the perspectives of different actors concerning the available spectrum access options have been discussed using a dual quantitative and qualitative research approach. In the quantitative study two deployment scenarios (macrocell vs. femtocell) to satisfy the coverage and capacity demand within one square kilometer business district, have been analyzed and compared focusing on the spectrum demand. While in the qualitative study, the strategic business decisions of different actors (i.e. MNO and LNO) concerning the available spectrum access options have been discussed.
The carried analysis in this study underscored that the value of the spectrum vary according to the business setting and the deployment scenarios. Adding more spectrum bandwidth per radio base station in macrocell deployment scenario lead to noticeable reduction in the deployment cost compared to the case in the femtocell deployment. In this regards, MNOs are reluctant to permit the use of their dedicated licensed bands for indoor deployment, even if better QoS can be achieved. In the case of an independent LNO, the use of exclusive spectrum is faced by number of obstacles; e.g. availability, regulation constraints and the high spectrum fee. However the possibility to possess licensed spectrum resources at reasonable cost via the emerging authorization options such as LSA could open new business opportunities for LNOs. Furthermore, unlicensed spectrum resources in IMT-Bands and the use of secondary access could be highly appealing spectrum options for indoor deployment.
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